Paraspeckle protein 1 (PSP1) in humans is a recently identified component protein of a novel nuclear body, paraspeckle. The protein has a DBHS (Drosophila behavior, human splicing) motif that is found in PSF and p54 nrb /NonO proteins. These DBHS-containing proteins have been reported to be involved in various nuclear events such as DNA replication, transcription, and mRNA processing. Here we show that mouse paraspeckle protein 1 (mPSP1; encoded by the Pspc1 gene) has two isoforms with different C-termini lengths. Abundant expression of the longer isoform (mPSP1-␣) and the shorter one (mPSP1-␤) were observed in testis and kidney, respectively. Transiently expressed mPSP1-␣ was localized in nuclei, but mPSP1-␤ was localized in both nuclei and cytoplasm. These observations suggest that alternative splicing regulates tissue distribution and subcellular localization. Like other DBHS-containing proteins, mPSP1 has RNA-binding activity. In mouse testis, mPSP1-␣ was found in the nuclear matrix fraction. Furthermore, by coimmunoprecipitation, we confirmed that mPSP1 interacts with other DBHScontaining proteins, PSF and p54 nrb /NonO. Therefore, we conclude that mPSP1 may regulate multiple phases of important nuclear events during spermatogenesis.
INTRODUCTION
Spermatogenesis is a complex process of cell development and differentiation during which extensive changes in cell morphology and intracellular and intranuclear organization occur. This process requires the coordinate expression of a large array of testis-specific genes. It is becoming evident that early mRNA processing events such as 5Ј capping, splicing, and polyadenylation in the nucleus occur while transcription proceeds, suggesting coupling of transcriptional and posttranscriptional regulation. A growing 1 This work was supported by grants from the Ministry of Education, Science, Sports, and Culture of Japan; the Kanagawa Academy of Science and Technology Research; and the Kihara Memorial Yokohama Foundation. R.M. and S.K. contributed equally to this work. PSF is cloned as an interacting protein with a polypyrimidine tract binding (PTB) protein that binds the polypyrimidine tract in most introns of higher eukaryotes [1] . The region is important for the definition of the 3Ј splice site. Several proteins bind the region and participate in constitutive pre-mRNA splicing. Human p54 nrb and its mouse ortholog, NonO, share the DBHS (Drosophila behavior, human splicing) motif [2] , which comprises 2 ϫ RRM (RNA recognition motif) and HTH (helix-turn-helix) DNA-binding domains, with PSF. Although there is no direct evidence for involvement of pre-mRNA splicing, p54 nrb /NonO binds RNA via its N-terminus [3] and can bind to ␤-globin premRNA and several mRNAs [4] , the intronic pyrimidinerich sequence in ␤-tropomyosin pre-mRNA [5, 6] .
In addition to the RNA-binding properties described above, PSF binds DNA [7] and p54 nrb /NonO binds singlestrand (ss) DNA (and RNA) through its N-terminus and double-strand (ds) DNA through its C-terminus [3] . These proteins bind the insulin-like growth factor response element in the porcine P450 scc gene, DNA-binding domain (DBD) of thyroid hormone receptors (TRs) and retinoid X receptors (RXRs) [8] , to form a complex with SF-1, and together, bind the CYP17 promoter. Repression of transcription is achieved by the binding of the Sin3A repressor to PSF along with class I histone deacetylase. The protein p54 nrb /NonO binds to an enhancer element in the long terminal repeats of murine intracisternal A particles and activates transcription [4] . Recently, it was reported that PSF and p54 nrb /NonO bind the androgen receptor and function as a coactivator that potentiates transcription [9] . These data demonstrate that these proteins are involved not only in mRNA splicing, but also in transcriptional activation and repression. The coordination of transcription and mRNA processing does not fully account for the multiple functions of these proteins.
Another aspect of the function of these proteins is a nuclear retention of defective RNAs, DNA unwinding and DNA pairing during DNA replication [10, 11] , annealing of DNA [11] [12] [13] , and nonclassical carbonic anhydrase activity [14] . These proteins are usually identified as monomers. However, PSF and p54 nrb /NonO intrinsically can form homodimers and heterodimers. In fact, the PSFp54 nrb /NonO heterodimer is able to enhance the DNA topoisomerase I activity better than PSF alone [10] . These pro-
Comparison of protein structures between two mPSP1 isoforms. Mouse PSP1-␣ (523 aa) and mPSP1-␤ (391 aa) share an N-terminal fragment and a DBHS domain, and differ in the length of their Ctermini. In addition to the common region, the shorter form (mPSP1-␤) has an additional 5 residues (VVETA), and the longer form (mPSP1-␣) has an additional 137 residues. These sequence data are available from GenBank, the European Molecular Biology Laboratory (EMBL), and the DNA Data Bank of Japan (DDBJ) (accession numbers AK017689).
teins might mediate different functions and monomer-dimer transitions depending on the intracellular compartments (nuclear matrix, nucleoplasm, nuclear foci, nucleolus, and cytoplasm [15] [16] [17] [18] [19] [20] [21] ) in which they are located, and the localization might be regulated by phosphorylation [16, 20, 22] .
Human PSP1 (paraspeckle protein encoded by PSPC1 gene), which contains a DBHS motif similar to p54 nrb / NonO and PSF, was recently shown to be a component of a novel nuclear domain termed paraspeckles [19] . PSP1, PSF, and p54 nrb /NonO are found in the complex that binds to the transactivation domain of the androgen receptor [9] . We independently identified mouse PSP1 (mPSP1) as a novel RNA-binding protein with an abundant expression in mouse testis. Here we report the expression of mPSP1 during spermatogenesis. Moreover, we show that mPSP1 is an RNA-binding protein in the nuclear matrix and can dimerize with PSF and NonO. From all data presented here, we suggest that mPSP1 is concerned with transcriptional regulation and mRNA processing and may participate in chromatin remodeling and nuclear shaping during spermatogenesis.
MATERIALS AND METHODS

Cloning of Pspc1 cDNA and Antibody Production
Two alternative splicing forms of mouse Pspc1 cDNAs that encode mPSP1-␣ (523 amino acids [aa] ) and mPSP1-␤ (391 aa) were cloned by using a degenerate polymerase chain reaction (PCR) strategy essentially as previously described [23] . On the basis of the consensus sequence of the RRM motif, degenerate primers (RNP-2 primer, 5Ј-CGCCTTGTA-CAT(C/A/T)GGIGGN(C/A/T)T-3Ј and RNP-1 primer, 5Ј-GCAITCIAC-GAAI(G/C/A)C(G/A)(G/A/T)ANCC-3Ј) were designed. These primers were used for PCR amplification from mouse ovary cDNA. The PCRamplified products were cloned into the PCR II TOPO vector. By cDNA and genome database survey, two of the clones were identified as alternative splice variants of mouse Pspc1. The predicted amino acid sequences of the two clones are identical from the N-terminus to Asn386 at the amino acid level, but have different C-termini. The protein encoding a common region of mPSP1 (38-386 aa residues) was produced as a thioredoxin fusion protein by cloning the corresponding cDNA into the BamHI and NotI sites of pET-32a(ϩ) (Novagen, Madison, WI). A rabbit polyclonal antibody was raised against the bacterially expressed recombinant protein, and the anti-mPSP1 antibody that recognized both isoforms was affinitypurified. The specificity of the antibody was confirmed by the presence of appropriate signals as shown by Western blot analysis on mouse testis extracts and bacterially expressed recombinant mPSP1.
Preparation of Cell Lysates and Western Blot Analysis
Protocols for the use of animals in this experiment were in accordance with National Institutes of Health standards established in the Guidelines for the Care and Use of Experimental Animals. All tissues were removed from BALB/cAJcl mice deeply anesthetized with Ketalar 50 (Sankyo, Tokyo, Japan). Tissues were homogenized in PBS buffer containing Complete proteinase inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and 10 M urea. Homogenates were mixed with 5ϫ lysis buffer (5% SDS, 5% dithiothreitol [DTT], 1.5% Empigen BB [Calbiochem, San Diego, CA]/PBS) and sonicated using a Sonifier 250 (Branson Ultrasonics, Danbury, CT) at 40% of its maximum output five times for 10 sec. Each protein extract was diluted with 2ϫ sample buffer (3% SDS, 20% glycerol, 0.12 M Tris-HCl pH 6.8, 5% ␤-mercaptoethanol, and 0.01% bromophenol blue), boiled for 3 min, and centrifuged at 17 000 ϫ g for 20 min to remove cell debris. Western blot analysis was performed essentially according to the manufacturer's instructions using the enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ). Supernatants were electrophoresed on 12% SDS-PAGE gels and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). Following blocking with 5% skim milk in Tris-buffered saline-0.05% Tween-20 (TBS-T), the blots were incubated with rabbit anti-mPSP1 polyclonal antibody (1:1000) in TBS-T containing 5% skim milk for 1 h. After washing with TBS-T, the membrane was incubated with horseradish peroxidase (HRP)-conjugated antirabbit immunoglobulin G antibody (1:5000) (Zymed Laboratories, Inc. San Francisco, CA) for 1 h. After further washing with TBS-T, the immunoreactive bands were visualized with ECL reagent (Amersham Pharmacia Biotech). The blots were stained with Comassie Brilliant Blue to evaluate equal loadings of the proteins in each lane.
Immunohistochemistry
BALB/cAJcl adult mouse (9-wk-old) testes were fixed overnight in Bouins fixative. The testes were embedded in paraffin and cut into 5-m sections. After deparaffinization and rehydration by xylene and serial dilutions of ethanol, the slides were blocked with 5% skim milk in PBS for 1 h. Endogenous peroxidases were blocked with 3% H 2 O 2 for 15 min at room temperature. The sections were incubated with a 1:100 dilution of anti-mPSP1 polyclonal antibody in 5% skim milk/PBS overnight at 4ЊC. Then, testis sections were incubated with 1:100 dilutions of HRP-conjugated anti-rabbit secondary antibody (Zymed Laboratories) in 5% skim milk/PBS for 1 h at room temperature. Immunohistochemical staining for peroxidase was performed using diaminobenzidine (DAB) as chromogen. Sections were counterstained with Mayers hematoxylin (Muto Pure Chemicals, Tokyo, Japan). Serial sections were stained with periodic acid-schiff (PAS) to identify the stages of the seminiferous tubules. The sections were examined by light microscopy (Olympus, Tokyo, Japan).
Construction and Cell Transfection of pGFP-mPSP1-␣ and pGFP-mPSP1-␤ Eukaryotic Expression Vectors
Coding sequences of two isoforms of mPSP1 were PCR-amplified and subcloned into pEGFP-C2 vector (Clontech Laboratories, Inc., Franklin Lakes, NJ). NIH/3T3 cells were transiently transfected with the pGFPmPSP1-␣ and pGFP-mPSP1-␤ eukaryotic expression vectors using PolyFect transfection reagent (Qiagen, Hilden, Germany). At 18 h posttransfection, cells were fixed in 4% paraformaldehyde in PBS at room temperature, and the subcellular localization of the exogenous proteins was visualized by fluorescence microscopy (Olympus). Hoechst 33258 (0.6 g/ ml) was used for nuclear staining 30 min prior to fixation.
Nuclear Matrix Preparation
Nuclear matrices were prepared as described in [24] [25] [26] . A mouse testis was homogenized using Downs homogenizer in buffer A (10 mM Hepes/KOH pH 7.4, 15 mM KCl, 1 mM EDTA, 0.25 M sucrose, 1 g/ l aprotinin, 1 g/l pepstatin, 1 g/l leupeptin, 1 mM DTT, 1 mM 4- (2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 50 mM NaF, 1 mM Na 3 VO 4 ), and centrifuged at 2500 ϫ g for 10 min. The supernatant was used as the cytoplasmic fraction. The precipitate was dissolved in buffer A, overlaid onto 0.5 M sucrose in buffer A, and centrifuged at 2500 ϫ g for 10 min. This was repeated three times. To remove the chromatin, the nuclear fraction was digested with 250 U/ml RNase-free DNase I in CSK buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100, 1 g/l aprotinin, 1 g/ l pepstatin, 1 g/l leupeptin, 1 mM DTT, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 50 mM NaF, 1 mM Na 3 VO 4, and 2 mM ribonucleoside vanadyl complexes) at 37ЊC for 30 min. After centrifugation, the residual nuclear pellet was resuspended in 0.25 M ammonium sulfate in CSK buffer and incubated at 4ЊC for 5 min. The washing with ammonium sulfate was repeated three times, and the pellet was again washed with 2 M NaCl in CSK buffer at 4ЊC for 5 min. The residual pellet was solubilized in 8 M urea in CSK buffer and used as a nuclear matrix fraction. From these procedures, we extracted a 6-mg cytoplasmic fraction and a 96-g nuclear matrix fraction from one testis. The proteins (20 g) from each fraction were eletrophoresed on 12% SDS-PAGE gel and subjected to Western blot analysis by anti-mPSP1 and anti-lamin B1 (Santa Cruz Biotechnologies, Santa Cruz, CA) antibodies.
In Vitro RNA-Binding Analysis
In vitro RNA-binding analysis occurred as described in [23] . Bacterial expression vectors that produce two RRM domains of mPSP1 were constructed by subcloning appropriate cDNA fragments into pET28(ϩ) (Novagen). After purification of the recombinant proteins by Ni-NTA resin, 100 pmol of purified fusion protein extracts were electrophoresed on 12% SDS-PAGE gels and transferred onto PVDF membranes (Millipore). The protein on the membrane was renatured in PBS-0.05% Tween-20 (PBS-T) containing 1 mM DTT at room temperature for 30 min. The RNA homopolymers poly(A), poly(G), poly(C), and poly(U) were [ 32 P]-labeled using T4 polynucleotide kinase (Takara, Tokyo, Japan). To reduce the background, the membrane was processed overnight in blocking buffer (10 mM Tris-HCl pH 7.5, 1% BSA, 1 mM DTT, and 100 mM NaCl) at 4ЊC, and then incubated with 10 5 cpm of [ 32 P]-labeled RNA homopolymers and tRNA (20 g) in binding buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, and 1 mM DTT) for 90 min at room temperature. After extensive washing with the binding buffer, the blots were analyzed by an imaging system of FLA-2000 (Fuji Photo Film, Tokyo, Japan).
Coimmunoprecipitation Assay
The expression plasmids (pFLAG-mPSP1-␣, pHA-PSF, and pHANonO) were prepared by subcloning mPSP1-␣ cDNAs into the pFLAG-CMV2 vector (Sigma-Aldrich, St. Louis, MO), and the mouse PSF and NonO cDNAs into the pcDNA3 vector (Invitrogen, Carlsbad, CA). NIH/ 3T3 cells that were 70% confluent in a 10-cm dish were cotransfected with 7 g of indicated plasmids (pFLAG-mPSP1-␣ and either pHA-PSF or pHA-NonO) using PerFectin Reagent (Gene Therapy Systems, San Diego, CA) according to the manufacturer's instructions. At 30 h posttransfection, the cells were lysed with lysis buffer (50 mM Tris-HCl pH 7.5, 0.5% NP-40, 150 mM NaCl, 50 mM NaF, 1 mM Na 3 FLAG M2 monoclonal antibody (Sigma-Aldrich) or anti-HA rabbit antibody (MBL, Nagoya, Japan). The precipitates were resolved by SDS-PAGE and analyzed by immunoblotting with the anti-FLAG M2 monoclonal antibody and mouse anti-HA monoclonal antibody (12CA5).
RESULTS
Tissue and Developmental Expression of mPSP1 Protein
We obtained two clones using degenerate primers on the basis of a degenerate PCR strategy. By homology search and comparison of the genome sequence of human PSP1, we identified two clones as alternative splicing variants.
Two isoforms, mPSP1-␣ and mPSP1-␤, differ in the length of their C-terminus. In addition to the common region for both isoforms, the shorter form (mPSP1-␤) has an additional 5 residues, and the longer form (mPSP1-␣) has an additional 137 residues (Fig. 1) . We raised a rabbit antiserum against the common region of mPSP1 fused with thioredoxin and a hexahistidinyl segment. The antibody was affinity-purified by immobilized antigen affinity chromatography. To determine the expression of mPSP1 protein in various mouse tissues, Western blot analysis was performed. Two major bands that corresponded well with the expected molecular masses of the isoforms (58 kDa and 45 kDa) were observed. The longer isoform, mPSP1-␣, was most abundant in testis (Fig. 2, lane 9) , and the shorter one, mPSP1-␤, was most abundant in kidney (Fig. 2, lane 7) . A lower level of expression of both isoforms was observed in other tissues examined, suggesting that the expression level and the isoform expression were regulated in a tissue-specific manner.
Next, to determine the subcellular localization of mPSP1 isoforms, NIH/3T3 cells were transfected with pGFPmPSP1-␣ and pGFP-mPSP1-␤. The GFP-mPSP1-␣ demonstrated punctate foci dispersed throughout, but exclusively in the nuclei (Fig. 3a) . Conversely, most GFP-mPSP1-␤ uniformly localized to the nuclei, and significant amounts of the shorter isoform were also observed in the cytoplasm (Fig. 3d) . Green fluorescent protein alone did not give any specific localization (Fig. 3g) .
Because mPSP1-␣ protein was highly expressed in testis, we examined the expression of mPSP1 in mouse testis by immunohistochemistry. Immunostaining of mPSP1 protein on mouse testis sections was first detected in the nuclei of leptotene spermatocytes (Fig. 4, e and f) . After meiosis, strong signals were observed in the nuclei of round spermatids (Fig. 4a) . Very faint signals remained at early stages of elongating spermatids (Fig. 4c) , and its expression was not detectable at stage 10 ( Fig. 4d) .
Mouse PSP1 Associates with Other DBHS-Containing Proteins PSF and p54 nrb /NonO
The PSF and p54 nrb /NonO proteins have been usually identified as monomers. However, PSF is able to interact directly with p54 nrb /NonO, thus forming a heterodimer [6, 7] . To determine the heterodimerization activities of mPSP1, we performed coimmunoprecipitation experiments on transfected cells. Protein extracts from cells transfected with two plasmids encoding FLAG-mPSP1 and HA-PSF or HA-NonO were immunoprecipitated by either anti-FLAG antibody or anti-HA antibody, followed by immunoblot analysis for the resulting immunocomplex using either anti-FLAG antibody or anti-HA antibody as a probe. The expressions derived from the transfected plasmids were verified, as shown in Figure 5, a and b, lanes 1-3. HA-PSF and HA-NonO were detected in the immunocomplexes by anti-FLAG antibody (Fig. 5, a and b, lane 6) . Reciprocally, the immunocomplex with anti-HA antibody contained FLAG-mPSP1 (Fig. 5, a and b, lane 9) , demonstrating that mPSP1 binds to PSF and NonO, forming heterodimers. The interactions between mPSP1 and PSF or NonO were also confirmed using the yeast two-hybrid assay (data not shown). These data show that mPSP1, PSF, and p54 nrb / NonO have the ability to form heterodimers.
Mouse PSP1 Protein Associates with Nuclear Matrix
Recently, it was demonstrated that matrin4, a nuclear matrix protein, is identical to PSF [20] . Immunohistochemical analysis showed that intracellular localization of mPSP1 was very similar to that of PSF, so we tested whether mPSP1 was also included in the nuclear matrix fraction. The nuclear matrix fraction was prepared from mouse testis by biochemical procedures described in Materials and Methods. Preparation of the nuclear matrix was evaluated by the existence of lamin B1 in the fraction (Fig. 6, lower  panel) . mPSP1-␣ was observed in cytoplasmic and nuclear matrix fractions (Fig. 6, upper panel) , suggesting that a significant amount of mPSP1-␣ was tightly associated with the nuclear matrix. Mouse PSP1 and exogenously expressed GFP-mPSP1-␣ were solely localized in the nucleus. Therefore, cytoplasmic mPSP1 would have come from the soluble nuclear fraction, which was eluted from disrupted nuclei by the homogenization procedure. Purified recombinant mPSP1 was electrophoresed on 12% SDS-PAGE gels and transferred onto PVDF membranes. The membranes were incubated with [
32 P]-labeled RNA homopolymers in binding buffer containing 100 mM NaCl. After washing with binding buffer, the membranes were dried and exposed. Arrowhead indicates the signal of the mPSP1 protein complex and the RNA homopolymer.
FIG. 6. Existence of mPSP1 in nuclear matrix fraction. Nuclei isolated from mouse testis were treated with DNase I and extracted in 2.5 M ammonium sulfate and 2 M NaCl. Western blotting was performed using anti-mPSP1 and anti-Lamin B1. 1, Whole extract; 2, cytoplasmic extract; 3, 2.5 M ammonium sulfate fraction; 4, 2 M NaCl fraction; 5, nuclear matrix fraction. The signals in the upper and lower panels indicate mPSP1-␣ (58.7 kDa) and Lamin B1 (68.9 kDa), respectively.
Mouse PSP1 Binds to RNA
The RNA-binding ability of mPSP1 was confirmed by Northwestern analysis. The RNA binding domain of mPSP1 protein bound to poly(A), poly(G), and poly(U) (Fig. 7) . These results verified the RNA-binding abilities of mPSP1, and furthermore suggested that mPSP1 might have some sequence preference on its RNA-binding property.
DISCUSSION
Mouse PSP1 is the mouse ortholog of PSP1, a component of a novel nuclear body, paraspeckle, identified in HeLa cells by Fox et al. [19] . In this study, we show that mPSP1 was abundantly expressed in testis and kidney. As expected from the primary amino acid sequence, mPSP1 bound RNA and formed heterodimers with other members of the protein family, PSF and p54 nrb /NonO. Moreover, we showed that mPSP1 is present in the nuclear matrix fraction, suggesting that mPSP1 may play an essential role in various aspects of nuclear events during spermatogenesis.
The deduced amino acid sequence of mPSP1 shows that mPSP1 has two RRM domains, followed by an HTH motif. The combination of these domains is shared with PSF and p54 nrb /NonO. As described by Fox et al. [19] , we also observed two isoforms, mPSP1-␣ and mPSP1-␤, in mouse tissues. Similarly, PSF comprises short and long isoforms. The longer isoform of PSF possesses two nuclear localization signals (NLSs) in the C-terminal, and the shorter isoform lacks one NLS at the distal C-terminus. Deletion of the distal NLS led to a diffuse cytoplasmic localization [27] . Therefore, two NLSs are required for complete nuclear localization of PSF. We examined the subcellular localization of exogenously expressed mPSP1 isoforms in NIH/3T3 cells. Similar to the PSF isoforms, mPSP1-␣ is localized in the nucleus (punctate pattern), whereas mPSP1-␤ was distributed in both the nucleus (punctate pattern) and cytoplasm. This observation was also observed in HeLa cells (data not shown). However, Fox et al. [19] mentioned that localization of both isoforms of exogenously expressed human PSP1-␣ and PSP1-␤ in HeLa cells is nuclear. The inconsistency of the localization between human and mouse PSP1 isoforms does not simply result from difference of the cells used for the transfections. Preliminarily, we found that mPSP1 in the cytoplasm of the urinary tubule in kidney, in which mPSP1-␤ was exclusively expressed. This would support cytoplasmic localization of mPSP1-␤. P54 nrb /NonO is shown to have carbonic anhydrase activity [14] . The enzyme catalyzes interconversion of carbon dioxide and bicarbonate. The activity is crucial for pH regulation in urinary tubules of kidney, where mPSP1-␤ expresses. Mouse PSP1-␤ may also be involved in maintenance of homeostasis. Therefore, subcellular localization, and possibly function, of mPSP1 may be controlled by alternative splicing.
Proteins with DBHS domains are usually identified as monomeric forms. However, it is often observed that PSF and p54 nrb /NonO are found in the same protein complex. In addition, the PSF-p54 nrb /NonO heterodimer is able to enhance DNA topoisomerase I activity better than PSF alone [10] . Recently, Hrp65, a DBHS-containing protein in Chironomus tentans, interacts with itself and other proteins with DBHS domains, human PSF, and Drosophila NonA, through the DBHS domain [28] . PSP1 has been found in association with DBHS-containing proteins in a novel nuclear body, paraspeckle [19] , and in a complex that binds the transactivation domain of androgen receptor [9] . Here we demonstrated that mPSP1 directly interacts with PSF and p54 nrb /NonO. These observations suggest that these proteins may exist and function mainly as dimers via interactions between their DBHS domains. The finding of a new member of DBHS-containing proteins would increase the repertoire as a dimerization partner among DBHS-containing proteins. Therefore, three DBHS proteins, their di-931 PSP1 IN MOUSE SPERMATOGENESIS merization, and their multiple isoforms may produce many combinations as functional units and expand the spectrum of their biological functions. This will account for the multifunctional properties in a variety of nuclear and cytoplasmic processes.
We demonstrated that mPSP1 is included in nuclear matrix fractions. Recently, PSF was shown to be identical to Matrin 4, a major nuclear matrix protein [2, 20] . The nuclear matrix has been operationally regarded as the insoluble structure remaining in the nucleus after a series of biochemical extraction steps [29, 30] . Although the existence and the importance of the nuclear matrix is controversial [31] , a growing number of studies have proposed the idea that many nuclear events, such as DNA replication, transcription, and multiple steps of RNA processing, are accomplished on the nuclear matrix [32] . Nuclear matrix proteins can be divided into two classes; one is ubiquitously expressed, and the other is tissue-specific [33] . Commonly expressed nuclear matrix proteins might participate in basal events in the nuclei. On the other hand, tissue and stagespecific nuclear matrix proteins [34, 35] play roles not only in general nuclear events, but in regulation of tissue and stage-specific gene expression [36] . The expression of PSF and p54 nrb /NonO [3, 37] is widespread in mouse tissues, but we showed that expression of mPSP1-␣, a nuclear matrix protein, was highly tissue-and stage-specific. Therefore, we would propose that the mPSP1-␣ isoform has specific roles in mouse spermatogenesis.
The RRM is required for RNA and ssDNA recognition, and the HTH motif is responsible for binding to DNA [38, 39] . As expected, PSF and p54 nrb /NonO bind not only RNA, but to ssDNA and dsDNA as well [1, 3, 40, 41] . By Northwestern analysis using RNA homopolymers, we demonstrated that mPSP1 bound RNA with little preference for poly(G), poly(U), and poly(A). We did not examine the DNA-binding, but PSP1 was identified in the complex of DNA transcriptional machinery, suggesting a DNA-binding activity of the protein. Therefore, in addition to other DBHS family members, mPSP1 may perform important roles in various nuclear events by binding to both DNA and RNA.
In spermatogenesis, germ cell-specific molecular mechanisms that differ from somatic cells may govern development. This includes germ cell-specific alternative splicing and posttranscriptional regulation, transcriptional silencing, and chromatin remodeling in the nucleus. Because mPSP1-␣ is abundantly expressed in the nuclei of specific stages of spermatogenesis, we expect that the protein plays a specific role in germ cells. PSP1 and p54 nrb /NonO act as transcriptional coactivators of the human androgen receptor [9] . Recently, it was reported that the complex formation of PSF with VL30 RNA repressed steroidogenesis [42] . PSF and p54 nrb /NonO were also identified as interacting proteins with the carboxyl-terminal domain of the largest subunit of eukaryotic RNA polymerase II, which plays an important role in promoting steps of pre-mRNA processing. Therefore, we speculate that mPSP1 functions to regulate transcription and early mRNA processing of genes in germ cells. Moreover, mPSP1 could be involved in chromatin remodeling and nuclear shaping in spermatogenesis. During spermatogenesis, chromatin-associated histones are replaced by basic transition proteins (TP1 and TP2), and condensation of chromatin and nuclear shaping occur. The timing of mPSP1 expression corresponds well with that of chromatin remodeling and a dramatic change in the nuclear environment. It is suggested that the proteins associated with the nuclear matrix are concerned with chromatin remodeling and nuclear shaping in spermatogenesis [43] [44] [45] . So, as a nuclear matrix protein, mPSP1 may also contribute to chromatin remodeling through the DNA-binding activity in the nuclei of haploid cells.
